To exploit a new source from medical plants for finding bioactive products, endophytic fungi DBR-5 identified as Nigrospora sp., was isolated from the root tubers of the traditional Chinese medicinal plant Stephania kwangsiensis Lo. The antifungal activities of the extract from its fermentation liquids were determined. The ethyl acetate extract of DBR-5 exhibited high and broad antifungal activities against plant pathogenic fungi, and showed high toxicity to Exserohilum turcicum, Bipolaris maydis, Ceratocystis paradoxa, Alternaria oleracea and Cochliobolus miyabeanus with EC 50 values respectively at 0.01 mg/mL, 0.02 mg/mL, 0.03 mg/mL, 0.03 mg/mL and 0.04 mg/mL. By a bioassay guided fractionation, three antifungal secondary metabolites were isolated from liquid culture of DBR-5, and identified as griseofulvin, deoxybostrycin and austrocortirubin on the basis of spectroscopic analysis. In vitro antifungal assay showed that griseofulvin displayed significant inhibition against the hypha growth of tested plant pathogenic fungi with EC 50 values ranging from 0.0013 mg/mL to 0.0202 mg/mL, and showed the highest toxicity to E. turcicum and C. paradoxa with EC 50 values both at 0.0013 mg/mL. Compared with the broad spectrum fungicide carbendazim, except that the toxicity of griseofulvin to Diaporthe citri and Pestalotiopsis theae was lower, the toxicity to the other eight pathogenic fungi was much higher. The inhibitory rates of griseofulvin against spore germination of A. olerace, C. paradoxa and P. theae were 100%, 100% and 94.39% respectively, at a concentration of 0.01 mg/mL. The other two compounds deoxybostrycin and austrocortirubin exhibited only weak antifungal activities. The results indicate the potential of Nigrospora sp. DBR-5 as a source of griseofulvin and also support that griseofulvin is a natural compound with high potential bioactivity against plant pathogenic fungi.
Endophytic fungi are defined as eukaryotic organisms that live in inter-and/or intra-cellular healthy tissues or organs without causing any apparent symptoms or diseases in the host plant [1a] , and may confer adaptative advantages to the plant host, such as feeding deterrence, protection against insects and microbial pathogens [1a-e] . In recent years, many metabolites with cytotoxic, antimicrobial, antiviral, and anticancer activities have been obtained from the cultures of endophytic fungi [1d, f-h] . Endophytic fungi have been viewed as an outstanding source of bioactive natural products with enormous medicinal and agricultural potential [1d-l] .
In this study, we investigated the endophytic fungus Nigrospora sp. DBR-5, which was isolated from the healthy root tubers of the traditional Chinese medicinal plant Stephania kwangsiensis Lo., growing in China. The root tubers of S. kwangsiensis contain a rich source of antimicrobial agents with broad-spectrum antimicrobial activities [2a-c] . Nigrospora species are common endophytes distributing in plants and a rich source of bioactive secondary metabolites. It was reported that a number of bioactive compounds with cytotoxic, antimicrobial, antiviral, and antineoplastic activities were obtained from them [3a-g] . In this paper, the antifungal substances of Nigrospora sp. were isolated and identified using an activity-guided isolation method and chromatography, and the antifungal activity of the extract from Nigrospora sp. and the active substances was determined. The purpose was to find suitable antifungal agents for control of plant pathogenic fungi, and to provide a scientific basis for the rational utilization of endophytic By bioassay guided fractionation, three antifungal secondary metabolites (1-3) were isolated from the EtOAc extract of DBR-5, and identified as griseofulvin (1) [3b, 4a, 4b] , deoxybostrycin (2) [3a] and austrocortirubin (3) [5] by comparison of spectroscopic data with those in the literature.
Toxicity of griseofulvin to 10 plant pathogenic fungi was determined using a growth rate method, and the results are presented in Table 2 . Griseofulvin exhibited excellent antifungal activity against 10 plant pathogenic fungi with EC 50 values ranging from 0.0013 mg/mL to 0.0202 mg/mL, and showed the highest toxicity to E. turcicum and C. paradoxa with EC 50 values both at 0.0013 mg/mL. Compared with the broad spectrum fungicide carbendazim, except that the toxicity of griseofulvin to D. citri and P. theae was lower, the toxicity to the other eight pathogenic fungi was much higher. b The values are expressed as means ± standard deviations (n = 3). Different letters indicate significant differences among the treatments in each column at p = 0.05 level.
Inhibitory activity of griseofulvin against spore germination of A. olerace, C. paradoxa and P. theae are shown in Table 3 , and the inhibitory rates were 100%, 100% and 94.39% respectively at a concentration of 0.01 mg/mL. The results indicate that griseofulvin possessed high inhibitory activity against spore germination of the above three pathogens. Deoxybostrycin and austrocortirubin had weak inhibitory activity against the tested plant pathogenic fungi (data not shown).
In our study, griseofulvin isolated from endophytic strain Nigrospora sp. DBR-5 proved to be an antifungal active substance against the tested plant pathogenic fungi. It was reported that griseofulvin has been used as an antifungal antibiotic for the treatment of dermatomycoses and inflammatory diseases of humans [6a-d] . The antibiotic is also effective against fungal diseases of plants. In previous reports, griseofulvin presented broad spectrum inhibitory activities to ten Fusarium oxysporum from different host plants, and the half-inhibitory concentration (IC 50 ) values of greseofulvin against the fungi were calculated as 0.42-2.81 mM [4c] . In vivo assays indicated that griseofulvin could effectively inhibit the development of rice blast, rice sheath blight, wheat leaf rust, and barley powdery mildew [4b, 4d]. In the field of pesticide, griseofulvin can be used directly as a fungicide because of its relatively higher antifungal activity against plant pathogenic fungi, compared with synthetic chemical fungicides used at present, and they can be also used as lead compounds for exploitation of novel agricultural fungicides through configuration modification or reconstruction. Therefore, fungicides developed from griseofulvin are potentially valuable. In this aspect, the discovery of more fungal species that can produce griseofulvin is very important. They are of benefit for producing and further application of griseofulvin.
Griseofulvin was firstly isolated from Penicillium griseofulvum Dieckx [7] , which has presently been considered as the best strain for griseofulvin production. In this study, we isolated griseofulvin from the endophytic fungus Nigrospora sp. DBR-5, and found that griseofulvin had broad spectrum antifungal activity against the tested plant pathogenic fungi. Interestingly, Zhao et al.
[3b] isolated griseofulvin from another endophytic strain LLGLM003, which belongs to Nigrospora sp., from the medicinal plant Moringa oleifera Lam, and also exhibited high inhibitory activity against plant pathogenic fungi. Xia et al. [3h] also isolated griseofulvin together with two new derivatives of griseofulvin from the mangrove endophytic fungus Nigrospora sp. (No.1403) from Kandelia candel (L.) Druce. This indicated that endophytic Nigrospora species from plants may be another important source of griseofulvin or its derivatives. Further study on this genus Nigrospora will help to find more productive strains. In addition, the extract of Nigrospora sp. DBR-5 also exhibited good inhibitory activity against the tested plant pathogenic fungi. Therefore, for practical applications, useful effects may be achieved by the use of extracts. Of course, in vivo assays or field trials will need to be conducted in future studies.
Experimental
Endophytic fungi and cultivation: Endophytic fungus DBR-5 identified as Nigrospora sp. by morphological and molecular taxonomical parameters, were isolated from the healthy root tubers of the Chinese medicinal plant S. kwangsiensis, which collected from Guangxi Institute of Botany, Guilin, Guangxi, China, in February 2014. The plant was identified according to its morphological features by Prof. Shuiyuan Jiang, a botanist from Guangxi Institute of Botany. The voucher specimen (No. 201400012) of this plant was deposited in the Herbarium of the College of Life Science, Guangxi Normal University (GNU). For the fermentation culture, three plugs of agar medium (0.4 × 0.4 cm) for each fungal culture were inoculated respectively, in each 1000-mL Erlenmeyer flask containing 500 mL potato dextrose broth (PDB) medium, supplemented with 200 g/L potato and 20 g/L dextrose. The flasks were incubated without shaking for 30 days at 28  C.
Crude extract preparation and preliminary isolation: Fungus mycelia and broth were separated by filtration through two layers of gauze. And then the broth was evaporated to dryness to obtain the residue. The mycelia were dried in an oven at 60  C and then extracted twice with five times volume of methanol, and the two filtrates were merged. The filtrates were then evaporated to dryness and the extract of the mycelia was obtained. For the preliminary separation, the residue of broth and the extract of mycelia were respectively dissolved in water, and then extracted three times with an equal volume of ethyl acetate (EtOAc) and n-butanol, and the three times filtrates were merged. The remaining water and the merged filtrates were respectively evaporated to dryness to obtain the extracts of water, EtOAc and n-butanol of the broth and mycelia, respectively. Antifungal constituents from endophytic Nigrospora sp.
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Compound isolation: The EtOAc extract (15.00 g) of endophytic fungus DBR-5 was dissolved in acetone and mixed with silica gel, dried at 50  C, and then loaded in a silica gel column; elution was performed with a linear gradient of petroleum ether/EtOAc, to methanol/EtOAc, and finally eluted with methanol. Fifty eight fractions of 150-200 mL were collected. The antifungal activities of these fractions were evaluated with a growth rate method [8] . The bioactive fractions F15-F27 (4.00 g) were combined and separated further by a silica gel column chromatography as above, and twenty-five subfractions of 50 mL were collected. Bioactive subfractions (SF7-SF24) were confirmed by the determination of antifungal activities. Subfractions SF7-SF24 were merged and separated further by silica gel column chromatography, and two pure compounds were obtained, numbered as DBR-5a (1) and DBR-5d (2), respectively. After evaporation of solvent in fractions F3-4, a crystal emerged. By recrystallization, a pure compound was obtained, and numbered as DBR-5g (3). Determination of inhibitory activity against mycelial growth of plant pathogenic fungi: For studying the inhibition of samples on mycelial growth of plant pathogenic fungi, the required concentrations of samples dissolved in acetone:water (1:1 by volume) was evenly mixed with molten PDA medium and poured into a Petri dish (sample solution: PDA medium=1:9, v/v, mL). The fungus was firstly cultured on PDA medium in Petri dishes at 28  C for 3 d. For determination of inhibitory activities, three discs of agar medium (0.4 × 0.4 cm) with fungal cultures were inoculated on PDA medium containing sample with different concentration, and incubated at 28  C for 72 h. And the diameters of the colony were then measured at decussation and the inhibitory rates were calculated. Finally, regression equations, EC 50 and 95% confidence intervals were calculated by the least-squares method.
Plant pathogenic fungi:
Determination of inhibitory activity against spore germination of plant pathogenic fungi: For determination of inhibition of samples on spore germination of plant pathogenic fungi, the sample was dissolved in a minimal amount of acetone, and sterile water was added to provide test solutions at the required concentrations. The pathogen was pre-grown on a culture media at 28  C for 10-15 days, and the spores were then collected and filtered with sterile double gauze. The filtered spore suspension was prepared at a concentration of ca 80 spores in each visual field under a low magnification (15 × 10) microscope, and then mixed with an equal volume of the test solution. A drop (0.1 mL) of the mixed solution was placed on a glass slide which was then inversely placed on a Ushape glass bar in a Petri dish with the liquid droplet downwards. Three replicates were set up for each treatment. The treated spores incubated at 28  C in a moist chamber for 7-8 h. Then, the percentages of germinating and non-germinating spores were determined using a microscope, and the numbers of germinated spores were then recorded [200 spores were randomly examined for each replicate under a low magnification (15 × 10) microscope] for the calculation of the inhibitory rates of spore germination.
